The molecular aetiology of male subfertility is still unknown in the majority of cases and it is thought that multiple genes are involved. One of the genes that might play a role in male reproductive function is the protein C inhibitor (PCI) gene. In mice the presence of PCI is an absolute requirement for reproduction. In this study we performed a mutation screen of the PCI gene in subfertile men with severe teratozoospermia or idiopathic azoospermia. Male partners of subfertile couples with idiopathic azoospermia (n 5 27) or teratozoospermia (n 5 34) and men with normozoospermia (n 5 34) were screened for mutations in the PCI gene by direct sequencing. Nine nucleotide variants found in the patients were not present in the initial control group and were therefore screened in an additional control group of 80 men with normozoospermia by restriction fragment length polymorphism analysis. In addition, PCI antigen levels were measured in the seminal plasma of the patients in which a potential mutation was found. In total, three new variants were exclusively present in men with idiopathic azoospermia, but are not likely to have caused the patients' phenotypes. In addition, the PCI antigen levels in seminal plasma of these three patients were not decreased. The fact that we were not able to detect causal mutations in the PCI gene does not necessarily lead to the conclusion that the PCI protein is not involved in human male fertility, but the results of our study indicate that mutations in the human PCI gene are not a common cause of reduced semen parameters in men.
Introduction
The molecular aetiology of male subfertility due to reduced semen parameters is still unknown in the majority of cases. So far, numerical and structural chromosomal abnormalities, including partial deletions of the Y chromosome, have been described in patients with reduced sperm counts (Reijo et al., 1995; Tuerlings et al., 1998; Hargreave, 2000; Kuroda-Kawaguchi et al., 2001; Repping et al., 2002) . Recently, a heterozygous mutation in the Synaptonemal Complex protein 3 (SYCP3) gene, which encodes for a DNAbinding protein on chromosome 12, was found in two patients with azoospermia due to maturation arrest. This report indicates that autosomal genes are involved in human male subfertility too (Miyamoto et al., 2003) .
These findings however, account only for a small proportion of subfertile patients with semen aberrations. This is not surprising, as male factor subfertility is thought to be a complex disorder in which multiple genes are involved as suggested by gene-targeting studies in Drosophila and mice (Grootegoed et al., 1998; Venables and Cooke, 2000; Hackstein et al., 2000) .
Nowadays, ICSI with ejaculated or surgically retrieved sperm offers a great opportunity for subfertile patients with reduced semen parameters. However, genetic abnormalities causing subfertility can be transmitted to the next generation by ICSI, with a possible negative impact on fertility. Therefore, searching for genes involved in subfertility due to reduced semen parameters is of great importance.
One of the genes that might play a role in male reproduction is the protein C inhibitor (PCI) gene. Protein C inhibitor is a plasma glycoprotein belonging to the serpin superfamily of serine protease inhibitors (Suzuki et al., 1987) . PCI acts as an inhibitor of activated protein C (Suzuki et al., 1983) , but also inhibits various other proteases such as factor Xa, thrombin (Suzuki et al., 1983) , plasma kallikrein, factor XIa (Meijers et al., 1988) , urokinase Geiger et al., 1989) , acrosin (Hermans et al., 1994; Zheng et al., 1994) , prostate-specific antigen (PSA) (Christensson and Lilja, 1994) and tissue kallikrein (tKK) (España et al., 1995) . The physiological role of PCI in humans, however, has not yet been established and no known human disease has been related to deficiencies in PCI.
PCI is expressed in many organs and tissues (Suzuki, 2000) and is present in various human body fluids (Laurell et al., 1992) . The highest PCI concentration has been described in seminal plasma (España et al., 1991 (España et al., , 1995 Laurell et al., 1992) . The major secretory origin is in the seminal vesicles, although PCI is also present in cells of the testis and the prostate (Laurell et al., 1992) . PCI has been detected on the head of washed sperm and it has been found on morphologically abnormal sperm heads of ejaculated sperm in the immediate vicinity of disrupted acrosomal membranes (Zheng et al., 1994) . PCI has also been shown to be present on the acrosomal cap of intact human sperm in ejaculated sperm, as well as on epididymal sperm (Elisen et al., 1998) .
PCI acts as a rapid inhibitor of acrosin, a serine protease stored in the acrosome of sperm (Hermans et al., 1994; Elisen et al., 1998) . Induction of the acrosome reaction in ejaculated human sperm results in the disappearance of PCI from the plasma membrane overlying the acrosomal head and the appearance of a strict distribution at the equatorial segment of human sperm (Elisen et al., 1998) .
Moreover, PCI inhibits the amidolytic activity of activated human sperm extracts (Zheng et al., 1994) . Based on these observations it has been suggested that PCI might function as an inhibitor of acrosin during storage of sperm in the epididymis. Inhibition of acrosin might prevent the proteolytic activity of acrosin, released from the acrosomes of degenerating sperm, upon other cells. Moreover, two subfertile patients have been described in which the PCI protein appeared to be functionally inactive (He et al., 1999) .
In mice it has already been reported that the presence of PCI is an absolute requirement for reproduction. After targeted disruption of the PCI gene, male homozygous knockout mice appeared to be healthy but infertile. This was apparently caused by abnormal spermatogenesis due to destruction of the Sertoli cell barrier, probably due to unopposed proteolytic activity. The resulting epididymal sperm in these mice were malformed (Uhrin et al., 2000) . The sequence of the mouse PCI gene is highly homologous with the human PCI gene (Zechmeister-Machhart et al., 1997) and the amino acid sequence deduced from the mouse PCI gene (mPCI) is also highly homologous to that of human PCI (Uhrin et al., 2000) .
All together, the PCI gene is an excellent candidate gene for human male subfertility. The human PCI (hPCI) gene is located in a cluster with other serine protease inhibitors on chromosome 14q32.1 (Billingsley et al., 1993) . The gene is 11.5 kb long and comprises five exons separated by four introns (Meijers and Chung, 1991) . We hypothesized that mutations of the PCI gene in humans can result in increased proteolytic activity in testis which causes destruction of sperm cells and early necrosis of the Sertoli cells. Therefore, we performed a mutation screen of the PCI gene in subfertile men with severe teratozoospermia or idiopathic azoospermia. PCI protein levels were measured in seminal plasma of patients in whom a unique genetic aberration was found in the PCI gene. The number of PCI alleles was quantified by Southern blot analysis in men who had a large part of the gene present in homozygous form and were thus suspected of having a partial deletion of one allele.
Materials and methods

Patients
Male partners of subfertile couples attending the Center for Reproductive Medicine of the Academic Medical Center were included in this study between October 2000 and October 2002. In total, 34 men with severe teratozoospermia and 27 men with idiopathic azoospermia were included as patients; 114 men with normozoospermia were included as controls.
Severe teratozoospermia was defined as #10% normal spermatozoa, in patients with $1 £ 10 6 spermatozoa per semen sample. Normozoospermia was defined as a total sperm count .40 £ 10 6 with a progressive motility and normal morphology of $40%, in two consecutive semen samples. Semen analyses were performed according to World Health Organization (1992) criteria.
Patients with a history of orchitis, alcohol abuse, surgery of the vasa deferentia, bilateral orchidectomy, bilateral cryptorchidism, chemo-or radiotherapy, obstructive azoospermia (confirmed by testicular biopsy), and with numerical chromosomal abnormalities or microdeletions of the Y chromosome were excluded from this study.
Blood was drawn from all patients and controls for DNA isolation (Miller et al., 1988) . Of patients in whom a unique mutation was found, we collected a semen sample to analyse PCI protein levels in seminal plasma. We also tried to collect DNA from their parents to study the inheritance pattern of the identified mutation. Written informed consent was obtained from all participants, and the Institutional Review Board of the Academic Medical Center approved the study.
Screening for point mutations
All patients and an initial control group of 34 controls were screened for mutations by direct sequencing. All five exons identified in the human PCI (hPCI) gene and flanking intronic sequences, a 2 kb fragment 5 0 to the transcriptional initiation site comprising the promoter region and 1 kb of the 3 0 untranslated region, were scanned for mutations. All primers used for PCR amplification and sequence analysis are listed in Table I . PCR reactions consisted of 3 ml primer forward and reverse (10 mmol/l), 4 ml dNTP (1.25 mmol/l; Amersham Pharmacia), 1 ml BSA (10 mg/ml), 5 ml 10 £ PCR buffer (Qiagen), 0.3 ml Taq (Qiagen), 30.7 ml mQ-water and 3 ml DNA. PCR conditions were 5 min denaturation at 948C, followed by 30 cycles at 948C for 1 min, 1 min at the annealing temperatures given in Table I and 1 min at 728C.
Analysis of both the sense and antisense strands of the PCR-amplified fragments was performed on an automated ABI Prism 3100 Genetic Analyser (Applied Biosystems), using the same PCR primers. Two additional internal primers were used for the sequencing of exon 5 (PCI-ex5-seq2F: CAAAGA-GAGGTCCAGAGTCC; PCI-ex5-seq2R: GGACTCTGGACCTCTCTTTG). Output sequences were compared to the human reference PCI sequence (NT_026437; M_68516).
Variants identified in the patient groups, which were not present in the initial control group of 34 normozoospermic men, were additionally screened, either by restriction fragment length polymorphism (RFLP) analysis or, when no restriction site was available, by sequencing in an additional group of 80 men with normozoospermia. The following restriction enzymes were used: HaeIII for 21014 G ! T, MspI for 2938 C ! T, MvaI for 2806 G ! A, HphI for 1364 G ! A and AluI for 1937 G ! A.
Screening for deletions
For Southern blot analysis, 10 mg of genomic DNA was digested with BamHI (Roche), according to the manufacturer's recommendations. DNA was separated on a 0.8% agarose gel, for 16-18 h at £ 5 V cm and transferred to Hybond þ (Amersham). A HindIII fragment (Hind 4, Figure 1 ) of the phage clone lFIX-PCI-12 (Meijers and Chung, 1991) covering the promoter region, exon 1 and the 5 0 end of intron A of the PCI gene (M_68516) was radioactively labelled with [ 32 P]dCTP by random prime labelling and used as probe (Figure 1) . A 2.5 kb TaqI fragment of cosmid q25 (GeneBank accession no. Z68344) on chromosome 11 was used as control probe (Alders et al., 2000) .
Filters were prehybridized for $1 h and hybridized overnight in ExpressHyb hybridizing solution (Clontech) at 658C. Filters were then washed to a stringency of 0.1 £ standard saline citrate/0.1% sodium dodecyl sulphate, followed by autoradiography for 1-3 days at 2708C using Kodak XAR-5 films with an intensifying screen. 
Protein levels
Liquefied semen was centrifuged at 2000 g for 10 min at 188C. The plasma was stored at 2808C. Antigen levels of protein C inhibitor were determined by enzyme-linked immunosorbent assay using a monoclonal antibody against PCI (API-93) as capturing antibody and rabbit polyclonal anti-PCI serum as secondary antibody (Meijers et al., 1988) . Reference values were measured in seminal plasma of 20 men with normozoospermia according the same procedure. The mean antigen level in the normozoospermic men was 17.5 IU/ml. The mean^2 SD was 6.1-28.9 IU/ml and was considered as the normal range.
Statistics
Allele frequencies were compared between both patient groups and the control group using Fisher's exact test. P , 0.05 was considered as statistically significant.
Results
Mutation analysis: screening for point mutations
The entire coding sequence and promoter region of the PCI gene were analysed for sequence variants in 34 patients with teratozoospermia, 27 patients with azoospermia and 34 controls with normozoospermia by direct sequencing. Semen parameters of the patients with teratozoospermia are listed in Table II . In total, 46 single nucleotide variants were identified which are listed in Table III . The vast majority of these sequence variations represents single nucleotide polymorphisms previously reported in the SNP database (www. ncbi.nih.gov). Fifteen nucleotide variants were detected which were not yet reported in this database. Nine nucleotide variants (Table III, nos. 5, 7, 9, 27, 28, 29, 30, 34 and 44) found in the patients were not present in the initial control group of 34 men with normozoospermia, and therefore an additional control group of 80 men with normozoospermia was screened for these variants by RFLP analysis. Three of these variants (Table III , nos. 9, 27 and 30) were absent in the additional control population. These three new variants were all found in men with azoospermia.
The first variant was a G ! A transition detected at position 2806 in the promoter region in heterozygous form. A search for potential transcription factor binding sites (MatInspectorV2.2) of a 2.2 kB region upstream of the transcription initiation site resulted in the identification of many potential binding sites. In particular, one site stretches from nucleotide position 2 811 to 2 800 (GCCTGGGAGTCA) and potentially serves as binding site for an Ikaros 2 (Ik-2) zinc finger protein. The G nucleotide at position 2 806 of the PCI promoter region is invariant in the consensus sequence of Ik-2.
The second variant was a heterozygous C ! T transition found in intron 2 at position 735-6. This transition does not result in an amino acid change and although this is part of the 3 0 consensus splice-site sequence, C and T nucleotides are found with the same frequency at this position.
The third variant was a G ! T transition in exon 3 at position 985. This transition was also present in heterozygous form and results in cysteine replacing a tryptophan residue at amino acid position 271 (W271C). Both parents and a brother of the patient in whom this variant was found were available for DNA analysis. The mutation could also be detected in the patient's mother and in his brother who had normal semen parameters.
Mutation analysis: screening for gene deletions
In the course of analysis of allelic frequencies and distribution of the SNP in the various groups, it became apparent that in four patients and one control individual the polymorphic sites of a large part of the gene (up to exon 3) were present in the homozygous form. As this finding was suggestive for partial deletions of one allele, we performed Southern blot analysis of the genomic DNA of these patients and of an equal number of controls (Figure 1) . After BamHI digestion, a 10 kb fragment including the entire 5 0 flanking region, exon 1, the intervening intron A, exon 2 and a large part of intron B was detected with a probe spanning the first 4 kb of the 5 0 flanking region of the PCI gene. The same blot was hybridized with a control probe, which detects a ,5 kb BamHI fragment of the BWS chromosome region 2 on chromosome 11. No aberrant banding patterns or differences in the ratios of intensity of the bands obtained with the two probes were detected.
Protein levels
PCI was measured in seminal plasma from the three patients carrying a mutation not found in the controls. Antigen levels were 36.8 IU/ml in the patient with the 2 806 G ! A variant, 21.7 IU/ml in the patient with the 735-6 C ! T variant and 16.8 IU/ml in the patient with the 985 G ! T variant.
Statistical analysis
By comparing the different allele frequencies between patients and controls, no statistical significant differences were found.
Discussion
In this study we performed a mutation screen of the PCI gene in 61 patients with severe teratozoospermia or azoospermia. We demonstrated the presence of several nucleotide changes in the human PCI gene by direct sequencing.
In mice, PCI is an absolute requirement for reproduction. As the epididymal sperm in PCI-disrupted mice are malformed (Uhrin et al., 2000) , the patient group we studied consisted of patients with teratozoospermia. However, the histological analysis of the reproductive organs of the PCI-disrupted mice, in which the lumina of the seminiferous tubules were filled with cells in different stages of spermatogenesis, revealed that some of the cells were apoptotic (Uhrin et al., 2000) . Spermatogenesis in these mice was disturbed, likely due to the destruction of Sertoli cells. In addition, significantly higher amidolytic activity was found in testis extracts of PCI knockout mice. Based on these observations, we hypothesized that defects of PCI in humans might also result in early necrosis of the Sertoli cells with total destruction of spermatogenesis. Therefore patients with azoospermia were also included in this study.
Most of the variants found in our patients were present in both patient groups as well as in a control population of men with normozoospermia. This indicates that these variants are most likely polymorphic alleles unrelated to the phenotype we studied. However, three nucleotide changes were found among patients with azoospermia and were not detected in the control population.
The first mutation, 2 806 G ! A, occurs in the distant promoter. For the PCI gene, putative binding sites for transcription factors have been identified in the proximal promoter region, in the vicinity of the putative transcription initiation site (Meijers and Chung, 1991) . Until now, no binding sites have been reported in the distant promoter region of the PCI gene, but in a number of other genes, enhancers, repressors, determinants of tissue-specific gene expression and other responsive elements have been identified in the distant promoter (Watanabe et al., 1987; Murakami et al., 1990) . Moreover, mutations in the distant promoter elements have been shown to be associated with reduced protein synthesis.
The 2806 G ! A variant replaces an invariant G nucleotide within the motif which is potentially a binding site for an Ikaros 2 (Ik-2) zinc finger protein (Molnar and Georgopulos, 1994) . This mutation therefore potentially disrupts the putative IK-2 binding site. Ik-2 can strongly stimulate transcription. However, the PCI antigen level in the seminal plasma of this patient was above the normal range and therefore we can conclude that this variant does not lead to reduced PCI protein expression. Based on the elevated PCI antigen level, one can even speculate that the PCI gene expression is up-regulated in this patient. The second mutation, 735-6 C ! T, occurs at position 2 6 of the 3 0 acceptor splice site of intron 2. Analysis of the consensus nucleotide frequency pattern at the 3 0 splice sites shows that at this position C or T occurs with almost the same frequency (C 39%, T 47%) (Cooper and Krawczak, 1990) . This indicates that this variant most likely does not interfere with the correct splicing of the downstream exon and therefore is not responsible for the observed phenotype. In addition, the PCI antigen level in the seminal plasma of this patient was within the normal range, which is another argument that this variant is not causing azoospermia.
The third mutation, the replacement of a G by a T at position 985 in exon 3, results in the amino acid change W271C. This mutation occurred in the coding sequence of the gene and was not detected in the control group. Therefore, we thought that this mutation might represent a potentially causative mutation. However, the same mutation was also detected in the patient's brother who had normal semen parameters and the PCI level in the patient's seminal plasma was normal. Therefore it seems highly unlikely that this mutation is causing the subfertile phenotype. Two variants found in this study (Table III, nos. 37 and 38) were only present in the controls and not in the patient group. These variants were already described in the NCBI database and occur apparently with a low frequency. Obviously these variants are not associated with the phenotype under study.
In addition to the nucleotide variants found in this study, four patients were suspected of having a partial deletion of one allele of the gene. By Southern blot analysis, no differences could be detected between those four patients and controls. This rules out the possibility that deletions account for the lack of allele variability in these patients.
The results of this study show that mutations in the human PCI gene are not a common cause of azoo-or teratozoospermia in man. However, the fact that we were not able to detect causal mutations in the PCI gene does not necessarily lead to the conclusion that the PCI protein is not involved in human male fertility.
The mouse model that has been established to analyse the consequences of a PCI deficiency provides a strong argument that PCI is involved in reproduction. After targeted disruption of the PCI gene, male homozygous knockout mice appeared to be healthy but infertile (Uhrin et al., 2000) . Analysis of sperm obtained from the epididymides of these mice revealed that 95% of all sperm were morphologically abnormal. In vitro experiments indicated almost complete inability of these sperm to fertilize oocytes of wild-type females.
Nevertheless, we have to realize that there is a striking difference in the expression of PCI between mice and humans. In humans, PCI is expressed in several body fluids including blood plasma where it might have a function in blood coagulation. In mice, however, PCI is only detected in high concentrations in the reproductive tract. Therefore, a mutation of the PCI gene in humans might have phenotypical consequences that are much more severe than in mice. It cannot be ruled out that defects of the PCI gene in humans are lethal, which in turn might explain the fact that we were not able to detect mutations in our patient population, which consisted of subfertile but otherwise healthy men.
